Abstract: The Pd-catalyzed coupling of N-allylsulfamides with aryl and alkenyl triflates to afford cyclic sulfamide products is described. In contrast to other known Pd-catalyzed alkene carboamination reactions, these transformations may be selectively induced to occur by way of either anti-or synaminopalladation mechanistic pathways by modifying the catalyst structure and reaction conditions.
Introduction
Cyclic sulfamides are an important class of heterocycle that have attracted attention in medicinal-chemistry applications as these functional groups can serve as isosteres for cyclic ureas and are also known to form attractive electrostatic interactions with proteins and enzymes. [1] Biologically active compounds that bear these units have been examined as protease inhibitors, [2] human leukocyte elastase (HLE) inhibitors, [3] renin inhibitors, [4] and norovirus inhibitors. [5] In addition, the SO 2 unit can be cleaved from these compounds to afford synthetically useful 1,2-diamines. [6, 7] Cyclic sulfamides have also been employed as chiral auxiliaries for asymmetric aldol and alkylation reactions. [8] Classical approaches to the synthesis of cyclic sulfamides frequently involve treatment of 1,2-diamines with sulfamide or related electrophiles and generally require relatively complex starting materials. [9] In recent years, a number of metal-catalyzed alkene diamination or oxidative cyclization reactions have been described that effect the conversion of readily available substrates into cyclic sulfamide derivatives. [7] We have previously reported a method for the construction of cyclic ureas through Pd-catalyzed alkene carboamination reactions between acyclic N-allylureas and aryl or alkenyl halides.
[10] We felt that related transformations of N-allylsulfamides could provide an attractive and simple approach to the generation of substituted cyclic sulfamides. [11] In addition, this strategy would complement existing methods as it would allow for the conversion of an acyclic N-allylsulfamide into a cyclic sulfamide with the generation of both a CÀN and a CÀC bond. Herein, we describe our studies in this area and our findings that the stereochemistry of the addition to the alkene can be controlled by the appropriate choice of catalyst and conditions, which influence the syn-versus anti-aminopalladation mechanistic pathways in the catalytic cycle.
Results and Discussion
Initially, we examined the Pd-catalyzed carboamination between 1 a and 4-bromobenzonitrile. After some exploration, the use of a catalyst composed of [Pd 2 (dba) 3 ] and the Buchwald X-Phos [12] ligand afforded the desired product 2 a in 79 % yield of the isolated product [Eq. (1); dba = dibenzylideneacetone]. However, the scope of this reaction was limited to electron-deficient aryl bromides as a competing Heck arylation occurred in the reactions of the more electron-rich electrophiles.
We initially postulated that the mechanism of the carboamination reactions of N-allylsulfamides was similar to that of other nucleophiles, such as ureas or amines. [13] Namely, the oxidative addition of the aryl bromide to a Pd 0 center to generate 4, which reacts with substrate 1 and base to afford 5. [14] The syn-aminopalladation reaction of 5 gives 6, which can undergo reductive elimination to afford the observed product 2 (Scheme 1).
We felt that two factors could potentially be the cause of the Heck arylation side reactions observed with relatively electron-rich aryl bromides: 1) the formation of a PdÀN bond (4! 5) may be relatively slow for palladium complexes that are less electrophilic as a result of the electron-rich aryl groups bound to the metal center or 2) the aminopalladation step (5!6) may be reversible, [15] and competing migratory insertion of the alkene unit into the PdÀC bond of 4 (which leads to side-product 3) may be faster with relatively electron-rich aryl groups. [16] These factors suggested that the use of aryl triflate substrates could potentially lead to improved results in Pd-catalyzed carboamination reactions of N-allylsulfamides. The oxidative addition of aryl triflates to the Pd 0 center leads to the formation of cationic palladium complexes, [17] which should undergo more facile PdÀN-bond formation due to the increased electrophilicity of these intermediates. In addition, the non-nucleophilic triflate anion is less likely to promote the formation of anionic complexes that are known to accelerate Heck reactions. [18] We studied the coupling of 1 with para-tolyl triflate (Table 1) to test this idea, and our first results when using X-Phos as ligand were disappointing; namely, a 1:1 mixture of the desired product and the side product of the Heck reaction (2 c/3 c) was obtained. However, after further exploration, we discovered that the RuPhos ligand provided significantly better results, and a screen of bases revealed that the use of LiOtBu provided further improvement. Finally, switching to the more polar solvent benzotrifluoride resulted in the formation of the desired product, with only a trace amount of the side product from the Heck arylation reaction.
We proceeded to examine the scope of Pd-catalyzed carboamination reactions of N-allylsulfamides with a variety of different aryl triflates (Table 2 ). Both electron-withdrawing groups (Table 2 , entries 2, 7, 9, and 13) and electron-donating groups (Table 2 , entries 3, 10, and 12) were tolerated on the aryl triflate substrate. In addition, the reaction of an ortho-substituted aryl triflate also proceeded in good yield (Table 2 , entry 4). Alkenyl triflates were also viable substrates (Table 2 , entries 5 and 6), and the reactions proceeded with retention of the alkene geometry. The RuPhos ligand provided satisfactory results with most electrophiles that were examined. However, in a few cases, superior results were obtained with Brettphos, 2-di-tertbutylphosphino-2'-(N,N-dimethylamino)biphenyl (tBu-Davephos), or 2-di-tert-butylphosphino-2'-(N,N-dimethylamino)biphenyl (tBuXPhos; Table 2 , entries 5, 6 and 11, respectively). In most cases, the Pd-catalyzed carboamination reactions did not generate significant amounts of undesired side products. However, in a few instances, side products that result from a competing 6-endocyclization reaction were observed. In addition, in some cases, reactions of substrates that contained two different groups on the nitrogen atoms (R ¼ 6 R 1 ) generated side Scheme 1. The syn-aminopalladation mechanism. [c] The reaction was conducted using Pd(OAc) 2 (2 mol %) and ligand (5 mol %). [e] The alkenyl triflate was used as a 5:1 mixture of E/Z isomers, and the product was obtained as a 5:1 E/Z mixture.
[f] The reaction was conducted using R 2 OTf (1.4 equiv) and LiOtBu (1.6 equiv).
[g] The reaction was conducted with tBu-X-Phos as the ligand.
[h] The reaction was conducted with 7.5 mol % ligand.
[i] The reaction was conducted with R 2 OTf (2.4 equiv) and LiOtBu (2.4 equiv). PMB = paramethoxybenzyl ether, PMP = para-methoxyphenyl.
products from allylic transposition and cyclization. In a few instances, small amounts of a side product 3 from a Heck reaction were also generated. In cases in which this side product could not easily be separated by column chromatography, the side product from the Heck reaction was de-allylated (through Pd-catalyzed p-allyl formation/trapping) by the addition of 1,3-bis(diphenylphosphino)propane (DPPP) and morpholine to the reaction mixture.
To further explore the scope of the sulfamide carboamination reactions, we examined transformations of more highly substituted substrates. After some exploration, we discovered that the C-Phos ligand provided higher yields and cleaner reactions than Ruphos in these transformations. Substrate 7, with an allylic methyl group, was converted into 8 in good yield with > 20:1 d.r. [Eq. (2)], and the presence of a methyl group on the internal alkene carbon atom was also tolerated in the conversion of 9 into 10 [Eq. (3)]. Efforts to cyclize substrate 11, which bears an E-disubstituted alkene, were unsuccessful, with no reaction observed [Eq. (4)]. However, cyclopentene-derived substrate 12 was successfully coupled with phenyl triflate to afford bicyclic product 13 [Eq. (5)]. In contrast to the related carboamination reactions of other nucleophiles, [13] the carboamination of 12 proceeded with anti addition to the alkene. Similarly, the deuterated substrate 14 was converted into 15, the product of anti addition to the alkene with high stereoselectivity [Eq. (6) ].
The formation of products resulting from the anti addition to the alkene is in sharp contrast to previously reported alkene carboamination reactions, which afford syn-addition products. [11] As such, it appears that the mechanism of the Pd-catalyzed reactions of N-allylsulfamides with aryl triflates differs from other Pd-catalyzed carboamination reactions in which the PdÀN bond is generated through syn-aminopalladation of the alkene (i.e., migratory insertion of the alkene group into the PdÀN bond of an intermediate palladium-amido complex). [19] The mechanism of the reactions between N-allylsulfamides and aryl triflates most likely proceeds as illustrated in Scheme 2. Oxidative addition of the aryl triflate to the Pd 0 center generates the cationic Pd II complex 16, which binds to the alkene moiety of substrate 14 to afford 17. A sequence of deprotonation and anti-aminopalladation affords 18, which can undergo CÀC-bond-forming reductive elimination to provide the observed product and regenerate the Pd 0 catalyst. [20] Given the relatively low nucleophilicity of the sulfamide group, it is likely that the aminopalladation step (17!18) is reversible. [15] The favorability of the anti-aminopalladation pathway may also be due in part to the low nucleophilicity of the sulfamide group, which may lead to a relatively slow rate of PdÀN-bond formation (to generate the palladium-amido complex required for syn-aminopalladation; Scheme 1).
The formation of side products from 6-endocyclization most likely derives from a competing 6-endocyclization reaction of 17; the formation of related side products that derive from 6-endocyclization pathways has previously been observed in other Pd-catalyzed alkene difunctionalization reactions that proceed through anti-heteropalladation reactions. [21] The side product from an allylic transposition appears to be generated through the oxidative addition of the N-allylsulfamide to the Pd 0 center to yield an intermediate allylpalladium complex and a deallylated sulfamide anion, which recombine to form the rearranged compound. Control experiments conducted in the absence of palladium did not lead to rearrangement.
To determine if other experimental variables also influence the anti-versus syn-aminopalladation pathway, we examined the coupling of deuterated substrate 14 with phenyl triflate under a number of different conditions (Table 3) , moving from the "optimal" conditions for triflate coupling to those originally examined with aryl bromides (Table 3 , entry 1 vs. 6, respectively). As shown below, most conditions examined for the reactions of aryl triflates favored the formation of the anti-addition product 15 (Table 3 , entries 1, 2, and 5). However, both the ligand and the solvent polarity clearly have a significant impact on the reaction pathway as the use of X-Phos as a ligand in a nonpolar solvent, such as toluene or dioxane, favored the generation of the syn-addition product 19 (Table 3 , entries 3 and 4), whereas the anti-addition product predominated in the PhCF 3 solvent (Table 3 , entry 5). Reactions in which 19 was the major stereoisomer afforded comparatively large amounts of side product 3 d from a Heck arylation reaction.
In transformations involving bromobenzene as the electrophile, the X-Phos ligand also favored the formation of the synaddition product in toluene (Table 3 , entry 6). The use of the RuPhos ligand in toluene afforded a 1:1 mixture of anti/syn addition products (Table 3 , entries 7 and 8). However, a survey of different, yet related, biaryl phosphanes in the polar solvent PhCF 3 revealed that the anti-addition product was favored for most ligands, with the exception of X-Phos (1:1 mixture; Table 3 , entry 10), which lacks electron-donating alkoxy or amino groups on the biphenyl moiety.
Although the Pd-catalyzed carboamination of 14 is mechanistically complex, in general it appears that conditions that lead to a more electrophilic metal center and/or cationic intermediates (e.g., aryl triflate substrates, the relatively polar solvent PhCF 3 [22] which may facilitate the generation of cationic intermediate palladium complexes) favor the anti-aminopalladation pathway. The observed influence of a phosphane-ligand structure also fits this general pattern as ligands that favor anti-addition pathways contain electron-donating groups on the biphenyl unit, which may stabilize cationic intermediates either due to an increased electron-donating ability of the phosphane (e.g., Brettphos) or through an electron-donating interaction between the biphenyl backbone and the metal center (e.g., RuPhos and C-Phos).
In contrast, the conditions that lead to a less electrophilic metal center and/or neutral intermediates (aryl bromide substrates, nonpolar solvents) appear to favor the syn-addition pathway. Importantly, these experiments also indicate that intermolecular [23] Pd-catalyzed carboamination reactions between aryl halides and alkenes that bear pendant nucleophiles can proceed through either syn-or anti-aminopalladation pathways under the appropriate reaction conditions. [24, 25] The use of conditions that appear to be optimal for the syn-addition pathway in the coupling of 14 with bromobenzene afforded 19 in 47 % yield and 4:1 d.r., whereas the conditions that are optimal for anti-addition afforded 15 in 90 % yield and > 20:1 d.r. [Eqs (7) and (8)].
To determine whether this interesting influence of the reaction conditions on syn-versus anti-aminopalladation pathways is limited solely to sulfamides or can be more broadly applicable to other nucleophiles, we examined syn-versus anti-addition reactions of the related N-allylurea 20 [Eqs (9) and (10)]. Our prior studies illustrated that the coupling of 20 with 4-bromo-tert-butylbenzene proceeds with syn addition in the presence of a Pd/bis[(2-diphenylphosphino)phenyl] ether (DpePhos) catalyst to generate 21.
[13d] In contrast, the Pd/RuPhoscatalyzed coupling of 20 with phenyl triflate proceeds with net anti addition to afford 22. On the basis of this result, it appears that it will likely be possible to control the syn-versus anti-aminopalladation pathways in carboamination reactions of other nucleophilic species. However, further catalyst development will be necessary to broaden the scope to include internal alkene substrates, as efforts to apply optimized syn-addition conditions to cyclopentene-derived substrate 12 afforded a complex mixture of products (although the anti-addition product 13 was not formed). 
Conclusion
We have developed a new approach to the construction of cyclic sulfamides through the Pd-catalyzed alkene carboamination of N-allylsulfamide derivatives. The mechanism of these reactions is dependent on the reaction conditions and can selectively proceed through either syn-or anti-aminopalladation pathways. These experiments suggest the use of different catalysts or reaction conditions to control the mechanistic pathways will extend beyond sulfamide substrates, which could have broadly significant implications in a number of different Pd-catalyzed alkene difunctionalization reactions. Further studies on the development of other alkene carboheterofunctionalization reactions that proceed through anti-heteropalladation processes are currently underway.
Experimental Section General
All the reactions were carried out in a nitrogen atmosphere in flame-dried glassware, unless otherwise noted. Palladium precatalysts and phosphane ligands were purchased from commercial sources and used without purification. All other reagents were obtained from commercial sources and were used as obtained, unless otherwise noted. Bulk quantities of lithium tert-butoxide and sodium tert-butoxide were stored in a glove box and removed in small amounts (ca. 1-2 g) that were consumed within a few days. Toluene, THF, diethyl ether, and dichloromethane were purified by using a GlassContour solvent purification system. Anhydrous benzotrifluoride was obtained from commercial sources and was used without further purification. Yields refer to the yield of the isolated products of compounds estimated to be ! 95 % pure as determined by 1 H NMR spectroscopic analysis, unless otherwise noted. The yields reported in the experimental section describe the result of a single experiment, whereas the yield of the isolated products reported in Tables 1-3 and Equations (1)-(10) are averages of the yields for two or more experiments. Thus, the yields reported in the experimental section may differ from those shown in Tables 1-3 and Equations (1)-(10).
General procedure for Pd-catalyzed carboamination reactions of N-allylsulfamide and N-allylurea derivatives with aryl trifluoromethanesulfonates A test tube was charged with Pd(OAc) 2 (2 mol %), phosphane ligand (5 mol %), sulfamide substrate (1.0 equiv), and LiOtBu (1.4 equiv). The test tube was purged with N 2 and benzotrifluoride was added (the reactions were conducted at 0.25 m substrate concentration, unless specified otherwise), followed by aryl trifluoromethanesulfonate (1.2 equiv). The resulting mixture was heated to 100 8C and ,stirred overnight. The reaction mixture was cooled to room temperature, quenched with saturated aqueous ammonium chloride, and extracted with dichloromethane. The combined organic extracts were dried over anhydrous Na 2 SO 4 , filtered, and concentrated in vacuo. The crude product was purified by flash chromatography on silica gel. 135.0, 133.0, 130.4, 129.4, 129.0, 128.7, 128.6, 128.1, 127.3, 114.0,  57.1, 55.3, 50.6, 50.3 2-Benzyl-6-(4-methoxyphenyl)-4-phenyl-1,2,6-thiadiazinane-1,1-dioxide (S2): The general procedure was employed for the coupling of 1 f (83 mg, 0.25 mmol) and phenyl trifluoromethanesulfonate (49 mL, 0.30 mmol) using a catalyst composed of Pd(OAc) 2 (1.1 mg, 0.005 mmol) and RuPhos (5.8 mg, 0.0125 mmol). The major product generated in this reaction was 2 l (described above), and a small amount of side-product S2 was also formed. Compound S2 was isolated by careful chromatographic purification (7 mg, 7 %) as a pale-yellow oil. 1 
